The naturally occurring 12.1-kb plasmid, pEW104, in Lactococcus lactis ssp. cremoris W10 was found to confer decreased bacteriophage sensitivity to its host. Plasmid pEW104 encodes a non-classic restriction and modification (R/M) system, named LlaGI, consisting of only one single polypeptide. Analysis of the amino acid sequence revealed the presence of a catalytic motif and seven helicase-like motifs (DEADbox motifs) characteristic of type I and III endonucleases, followed by four conserved methylase motifs characteristic of adenine-methylases. A comparison between LlaGI and the very similar R/M system, LlaBIII, suggests that the C-terminal region of LlaGI, apparently containing no known motifs, could possibly specify target DNA recognition. Conceivably, the LlaGI gene is included in the operon of the plasmid replication machinery. Finally, it is proposed that LlaGI represents a variant of the type I R/M systems. ß
Introduction
Lactococcus lactis is an important industrial organism used in dairy fermentations to produce many cheese varieties and cultured milk products. In recent years, research on the molecular biology of lactococcal bacteriophage defense mechanisms has elicited an abundance of valuable information on how these bacteria withstand the continuous aggression met by bacteriophages in the dairy plants. Here, years of evolution and the challenge of phages especially belonging to the 936, P335 and c2 species have provided the breeding ground for the creation of natural defense mechanisms and for the selection of strains ful¢lling a be¢tting level of phage resistance. However, with the more and more intensive use of de¢ned starter cultures in modern process technology, strains with enhanced phage resistance or isogenic strains are greatly needed.
To date, four naturally occurring antiphage systems have been reported and organized into groups depending on the manner in which they operate: phage adsorption blocking, inhibition of phage DNA injection, restrictionm odi¢cation (R/M) systems, and abortive infection [1] . Several R/M systems have been isolated and characterized from Lactococcus spp. and the vast majority of these are of type II [1] . However, also type I R/M systems and especially solely type I HsdS subunits seems to be common in Lactococcus [2] . Furthermore, there is a single report on a lactococcal type III R/M system, and one on an unclassi¢ed R/M system [1] . In this paper, we bring the information on a new lactococcal R/M system that appears to be unique among bacterial R/M systems known today. Tentatively, it has been classi¢ed as a variant of the type I R/M systems.
Materials and methods

Bacterial strains, growth conditions, lactococcal phages
and phage assays L. lactis W10 [3] , MG1614 [4] , and SMQ86 [5] were grown at 30³C in M17 (Oxoid) supplemented with 0.5% glucose. When appropriate, 6 Wg ml 31 chloramphenicol was added. Escherichia coli XL1-Blue MRFP (Stratagene, La Jolla, CA, USA) containing vector pBluescript SKII+ (Stratagene, La Jolla, CA, USA) derivatives was grown at 37³C with shaking in LB media (Difco and Merck) supplied with 100 Wg ml 31 ampicillin. Transformants were cured of the marker plasmid by growth overnight in 0.1 Wg ml 31 novobiocin in liquid GM17 followed by screening for chloramphenicol-sensitive colonies.
Lactococcal phages are listed in Table 1 . For the phage assays: phages were diluted in Ca 2 -dilution water (125 mM NaCl, 20 mM CaCl 2 ) and titrated or plated on lawns of the test bacterium.
Crude cell lysates for endonuclease assays were prepared as follows : 10 ml overnight culture was harvested, washed and freeze-dried. Cells were pulverized using glass beads and a blunt object. Proteins were extracted with 50 mM Tris^HCl pH 8, 10 mM MgCl 2 , 25 mM NaCl and 7 mM L-mercaptoethanol. After centrifugation the supernatants were assayed for endonuclease activity.
Transformation and DNA methods
E. coli was transformed by the standard CaCl 2 procedure [10] . Electrotransformation of L. lactis was performed as described [11] .
Large quantities of plasmid DNA were extracted with a Jetstar kit (Genomed, Bad Oeynhausen, Germany), while small plasmid preparations were performed as described [10] using LiCl. Before DNA extraction, lactococcal cells were treated with 10 mg ml 31 lysozyme in STE bu¡er (6.7% sucrose, 1 mM EDTA, 50 mM Tris^HCl, pH 8) for 30 min at 37³C.
A Nested Deletion Kit (Pharmacia Biotech, Sweden) was used according to the manufacturer's recommendations. Cycle sequencing was performed using Cy5-labelled universal and reverse primers and a Thermo Sequenase £uorescent-labelled primer cycle sequencing kit (Amersham Life Science, UK). The nucleotide sequence was determined on an Automated Laser Fluorescent (ALF) express1 DNA Sequencer (Pharmacia Biotech, Sweden). The DNA and protein sequences were analyzed with the Genetics Computer Group sequence analysis software, version 9.1 (WI, USA).
DNA sequence information is available through accession number AF097471.
Results and discussion
3.1. Isolation of plasmid pEW104 containing LlaGI L. lactis ssp. cremoris W10 was isolated from the mixed cheddar starter culture TK5 [3] . This starter was used daily for more than 11 years for industrial cheese production without any phage-associated problems. L. lactis ssp. cremoris W10 was one of the very phage-resistant strains [12] , a peculiarity that most probably can be ascribed to the possession of several and potent bacteriophage resistance mechanisms expected to be plasmid-encoded. Therefore, total plasmid DNA from L. lactis ssp. cremoris W10 was isolated and cotransformed with a marker plasmid into the phage-sensitive, plasmid-free strain L. lactis MG1614. One of the chloramphenicol-resistant colonies showed decreased phage sensitivity against selected lactococcal phages when compared to L. lactis MG1614. This transformant was shown to contain plasmid pEW104 besides the marker plasmid that subsequently was lost during novobiocin treatment.
Pro¢ciency of the LlaGI R/M system against lactococcal phages
The LlaGI R/M system located on the plasmids pEW104 and pAM7B (a derivative of plasmid pEW104, where the NsiI^SacI DNA fragment has been replaced by a chloramphenicol acetyltransferase cassette of 1 kb, see Fig. 1 ) was assessed for its ability to function as a defense mechanism against eight phages belonging to the phage species 936, P335 and c2. The e¤ciency of plaquing (EOP) was calculated ( Table 2 ). The phages tested showed an EOP of 10 33 , except phage c2 that was restricted to an EOP level of 10 34 . The more severe restriction of phage c2 is notable, since a prolate-headed phage would normally be more virulent than 936 and P335 phages. The observed di¡erence could be explained by the presence of more restriction sites in the c2 phage genome. As reported previously, the EOP decreases exponentially as the number of sites in the viral DNA molecule increases [13] . The results of the EOP determinations indicate that LlaGI is able to function as a resistance mechanism against lactococcal phages. Furthermore, the wild-type plasmid pEW104 and its derivative pAM7B responded equally on phage attack in the host L. lactis MG1614 indicating that everything necessary for the phage resistance mechanism to function is included on plasmid pAM7B.
Phages propagated on the resistant strain could subsequently circumvent the defense mechanism indicating that the bacteriophage resistance mechanism relies on restriction and modi¢cation. A crude cell lysate from L. lactis MG1614[pEW104] was tested for type II endonuclease activity by incubating it with unmethylated phage V DNA in each of the four NEBu¡ers at 30³C for 20 h. Gel electrophoresis with the resulting digestion mixture gave no distinct DNA bands on an agarose gel, and consequently it was assumed that LlaGI does not belong to the type II class of R/M systems.
DNA sequence of the assumed LlaGI operon
Various subclones of the ClaI^NsiI DNA fragment supposed to encode the bacteriophage-restricting activity were sequenced. Analysis of the obtained 7362 bp revealed the presence of three open reading frames (ORFs) followed by a putative transcription terminator (Fig. 1) .
The ¢rst ORF of 1155 bp and its upstream sequences showed pronounced homology to lactococcal origins and genes of replication proteins belonging to the theta family [14] , with 91% identity to RepB of plasmid pSRQ900 (accession number: Q9ZJ22) and 77% identity to the origin of plasmid pJW563 (accession number: X85168). The predicted replication capability of this region was subsequently con¢rmed.
The next ORF of 543 or 546 bp showed some homology to small ORFs regularly found adjacent to repB of lactococcal plasmids [14] , with 43% identity to a similar ORF on plasmid pJW565 (accession number: Y12736). It is preceded by an appropriate RBS, however, the gene product of this small ORF does not seem essential for replication of plasmid pEW104. Because of the cryptic manner and unknown function of these small ORFs in relation to plasmid replication their gene products are generally named OrfX [14] .
The last ORF, possibly encoding LlaGI, is of 4683 or 4710 bp depending on which of two alternative start codons is used. Both alternatives are preceded by an appropriate RBS, however, no consensus promoter structures in the vicinity of the suggested translation starts and RBSs were identi¢ed. The possible absence of a promoter in the intergenic region together with the presence of a putative rho-independent transcription terminator structure downstream of llagi could imply that the sequenced region may be one operon and that its transcription start occurs from the promoter located upstream of repB. Recently, this has been suggested for various lactococcal type I R/M systems and sole HsdS subunits [15^17].
Amino acid analysis of LlaGI
Analysis of the deduced amino acid sequence indicates that the last ORF encodes endonuclease as well as methylase activities. This assumption is based on the ¢nding of a catalytic motif [18^20] and a cluster of seven helicase-like sequence motifs characteristic of type I and III endonucleases [21, 22] followed by four conserved methylase motifs characteristic of adenine-methylases [23] . The location of these predicted motifs of LlaGI is illustrated in Fig. 1 . The endonucleolytic motif of type I and III restriction enzymes shows resemblance to motifs found in many type II endonucleases [19^20] . Although the type II enzymes are quite di¡erent overall, many of them share a structural motif in which two acidic side chains and one basic side chain are in the vicinity of the scissile phosphodiester bond [18] . These characteristic amino acids are also found in the discussed motif of LlaGI. The proposed catalytic motif of LlaGI is compared to that of the type I endonuclease, R.EcoAI, and the type III endonuclease, R.EcoPI (Fig.  2A) .
The well-de¢ned similarities between members of the DNA and RNA helicase superfamily II group and the type I and III endonucleases are called the DEAD-box motifs. These were found to play a role in an ATP-dependent translocation process shown to occur before DNA cleavage [19,24^26] . The helicase-like motifs found in Lla-GI are compared to those of the type I endonuclease, R.EcoAI, and the type III endonuclease, R.EcoPI (Fig.  2B) .
The last four conserved motifs found in LlaGI concerns the methylase activity. These motifs are responsible for binding S-adenosyl-L-methionine, the methyl donor, and for catalyzing the methylation reaction. Like the type I methylases, the methylase domain of LlaGI belongs to the N 12 class, whereas the type III methylases belong to the D 21 class [23] . Therefore, the methylase motifs of Lla-GI were only compared to those of the type I methylase, M.EcoAI. The methylase region of HaeIV, so far the only reported R/M system of one single polypeptide, also belongs to the N 12 class [26] . Hence, this enzyme was included in the alignment. For comparison, the similar motifs of the type III methylase, M.EcoPI, are included in Fig. 2C . It is evident that the motif order and similarity of M.EcoPI di¡er when compared to the other methylases.
The presented alignments (Fig. 2) support the assumption that the last ORF of the sequenced region encodes the LlaGI restriction and methylation activities. Possibly, the DNA-cleaving process takes place in a similar way as that of the type I, many type II, and the type III endonucleases. The presence of the helicase-like motifs in LlaGI indicates an absolute requirement for ATP for fueling the presumed DNA translocation. The putative basis for the methylation activity is placed in the central region of the LlaGI polypeptide. Finally, the analogous R/M system, LlaBIII [2] , that is homologous to LlaGI throughout the N-terminal and the central regions varies considerably in the C-terminal region (data not shown). This observation together with the dissimilar DNA recognition speci¢city of LlaGI and LlaBIII indicates that the C-terminal region of LlaGI, apparently containing no known motifs, could be responsible for specifying target DNA recognition.
Type de¢nition of LlaGI and evolutionary considerations
In contrast to LlaGI, HaeIV does not contain the particular endonuclease motifs of the type I and III enzymes, why HaeIV was characterized as a variant of the type II R/M systems [27] . The catalytic motif of LlaGI precedes its helicase-like motifs, corresponding to what was found in the type I enzymes [19, 20] . In the type III enzymes this order is opposite [20] (Fig. 2A,B) . The methylase domain of LlaGI belongs to the same class as the type I methylases [23] and it is more similar to the type I methylases than to the type III methylases (Fig. 2C) . Furthermore, the speci¢city domain of the type III methylases is found in the center [28] , whereas the target recognition domain of LlaGI is expected to be in the C-terminal region. Possibly, these observations imply that LlaGI is a variant of the type I enzymes, even though there is no similarity between LlaGI and the typical speci¢city subunits of the type I R/M systems. However, most probably this similarity should not be expected, since this homology is typically found in the conserved regions of the HsdS subunits, where binding of HsdM and HsdR occurs [29, 30] , and binding between subunits is redundant for LlaGI encoded by a single ORF.
The operon of a typical lactococcal type I R/M system has the gene order R, M and S [15, 16] , the same as the structural organization proposed for LlaGI. Furthermore, it seems that the expression of LlaGI and plasmid-encoded type I R/M systems of lactococci, respectively, could be under control of the replication machinery. Consequently, LlaGI could possibly be an ancestor to the lactococcal type I R/M systems or vice versa. The above-mentioned strengthens the hypothesis proposing that LlaGI is a variant of the type I R/M systems.
